The gene coding for cyclohexanone monooxygenase from Acinetobacter sp. strain NCIB 9871 was isolated by immunological screening methods. We located and determined the nucleotide sequence of the gene. The structural gene is 1,626 nucleotides long and codes for a polypeptide of 542 amino acids; 389 nucleotides 5' and 108 nucleotides 3' of the-coding region are also reported. The complete amino acid sequence of the enzyme was derived by translation of the nucleotide sequence. From a comparison of the amino acid sequence with consensus sequences of nucleotide-binding folds, we identified a potential flavin-binding site at the NH2 terminus of the enzyme (residues 6 to 18) and a potential nicotinamide-binding site extending from residue 176 to residue 208 of the protein. An overproduction system for the gene to facilitate genetic manipulations was also constructed by using the tac promoter vector pKK223-3 in Escherichia coli. Bacteria can degrade a large variety of organic compounds by oxygenating metabolic routes. The degradation of monocyclic aromatic, polycyclic aromatic, and complex heteroaromatic structures such as lignin by both monooxygenases and dioxygenases has been intensively studied. Microbes can also decompose alicyclic compounds by oxygenating routes, with the breakdown of the bicyclic ketone camphor and the monocyclic ketone cyclohexanone by soil bacteria being prototypic cases. In these instances, a difficult step for dissimilatory metabolism is the ring fragmentation to yield readily metabolizable acyclic fragments. In both camphor and cyclohexanone degradation as well as in steroidal ketone utilization, the fragmentation strategy is executed in two steps: (i) oxygenating ring expansion of cyclic ketone to lactone followed by (ii) hydrolytic decomposition of lactone to acyclic hydroxy acid. The ketone-to-lactone conversion is the biological equivalent of Baeyer-Villiger oxidation. All monooxygenases known to date that effect Baeyer-Villigertype conversions are flavoproteins, and of these, the best characterized is the cyclohexanone monooxygenase from acinetobacteria (4, 6, 16, 19; J. A. Latham, Jr., Ph.D. thesis, Massachusetts Institute of Technology, Cambridge, 1985).
Bacteria can degrade a large variety of organic compounds by oxygenating metabolic routes. The degradation of monocyclic aromatic, polycyclic aromatic, and complex heteroaromatic structures such as lignin by both monooxygenases and dioxygenases has been intensively studied. Microbes can also decompose alicyclic compounds by oxygenating routes, with the breakdown of the bicyclic ketone camphor and the monocyclic ketone cyclohexanone by soil bacteria being prototypic cases. In these instances, a difficult step for dissimilatory metabolism is the ring fragmentation to yield readily metabolizable acyclic fragments. In both camphor and cyclohexanone degradation as well as in steroidal ketone utilization, the fragmentation strategy is executed in two steps: (i) oxygenating ring expansion of cyclic ketone to lactone followed by (ii) hydrolytic decomposition of lactone to acyclic hydroxy acid. The ketone-to-lactone conversion is the biological equivalent of Baeyer-Villiger oxidation. All monooxygenases known to date that effect Baeyer-Villigertype conversions are flavoproteins, and of these, the best characterized is the cyclohexanone monooxygenase from acinetobacteria (4, 6, 16, 19 ; J. A. Latham, Jr., Ph.D. thesis, Massachusetts Institute of Technology, Cambridge, 1985) .
We have previously shown that the purified cyclohexanone monooxygenase (Mr, 59,000) is in fact a remarkably versatile oxygenation catalyst that uses the bound flavin adenine dinucleotide (FAD)-4a-OOH oxygenating intermediate to initiate oxygen transfer to both electrophilic substrate sites, such as the carbonyl of ketones and aldehydes, and nucleophilic substrate sites, such as sulfides and selenides, to yield the corresponding sulfoxide and selenoxide products. Further, this oxygenase oxygenates at nitrogen, trivalent phosphorus, and boron sites in boronic acids, making it the most broad-based flavoprotein oxygenase known. To date, none of the Baeyer-Villiger-type flavoprotein monooxygenases have been the subject of significant structural analysis. To that end, we report the cloning of the gene for the Acinetobacter sp. strain NCIB 9871 cyclohexa-none monooxygenase, the determination of its DNA sequence and encoded protein sequence, and the construction of an overproduction system for the expression of the active enzyme in Escherichia coli.
MATERIALS AND METHODS
Enzymes and radiochemicals. Restriction endonucleases were purchased from IBI, Boehringer Mannheim Biochemicals, or New England BioLabs, Inc., and used under the conditions recommended by the manufacturers. Isolation of DNA. Acinetobacter genomic DNA was purified from 300-ml stationary-phase cultures as follows. Cells were harvested by centrifugation, and the wet cell paste was suspended in 10 ml of 20 mM Tris hydrochloride (pH 8.2). Spheroplasts of the cells were formed by the addition of 10 ml of polyethylene glycol 8000 (24% [wt/vol]) and 50 mg of lysozyme, followed by incubation at 37°C for 30 min. topyranoside (X-gal) (40 p.g/ml). A total of 7,100 recombinant colonies were obtained from 1 ,g of target DNA.
Preparation of antibodies. Cyclohexanone monooxygenase antiserum was prepared in New Zealand White female rabbits with purified cyclohexanone monooxygenase protein by standard procedures. The antibody titer was determined by the Ouchterlony double-diffusion assay. Purified antibody was obtained from the serum by chromatography on protein A-agarose (2) .
Immunological screening of the pUC8 library. Screening of the pUC8 library was carried out with purified rabbit anticyclohexanone monooxygenase antibodies by the method of Helfman et al. (9) with modifications. Approximately 4 x 103 cells were plated onto 15-cm LB-agar plates containing ampicillin (50 ,g/ml) and incubated overnight at 37°C. The plates were overlaid with nitrocellulose filters (BA85;
Schleicher & Schuell, Inc.), the filters were placed onto LB plates containing ampicillin, and the bacteria were regrown for an additional 6 h at 37°C. The colonies were lysed by exposure to chloroform vapors for 20 to 30 min. Each filter was placed in TBS (50 mM Tris hydrochloride [pH 7.5], 150 mM NaCl) containing 5 mM MgCl2, 1% (wt/vol) gelatin, and 40 ,ug of lysozyme and 1 pug of DNase per ml of buffer and incubated at room temperature with gentle shaking. The solution was changed after 1 h, and the filters were incubated overnight in the solution. The filters were washed with three changes of TBS for 30 min each time and incubated with primary antibody which had been preadsorbed with boiled JM83(pUC8) in TBS containing 1% (wt/vol) gelatin. The filters were washed with three changes of TBS for 30 min each time. Bound primary antibody was detected with goat anti-rabbit immunoglobulin G-horseradish peroxidase conjugate and horseradish peroxidase color development reagent (Bio-Rad Laboratories).
Western blotting (immunoblotting) and immunodetection. Proteins were separated by SDS-polyacrylamide gel electrophoresis (15) and electrophoretically transferred to nitrocellulose filters (BA85) as described by Burnette (5) . Following overnight transfer at 30 V, the filters were rinsed in TBS and incubated in TBS containing 3% (wt/vol) gelatin. Proteins cross-reacting with anti-cyclohexanone monooxygenase antibodies were detected by incubating the filters in 100 ml of TBS containing 1% (wt/vol) gelatin and 1 ml of preadsorbed anti-cyclohexanone monooxygenase antibody for 1 to 2 h. Bound primary antibody was detected with goat anti-rabbit immunoglobulin G-horseradish peroxidase conjugate and horseradish peroxidase color development reagent.
DNA blotting and hybridization analysis. DNA restriction fragments were separated on agarose gels and transferred to nitrocellulose filters by the sandwich blot method (21) based on the technique developed by Southern (22) . Filters were hybridized with oligonucleotide probes labeled to a high specific activity (4.4 x 106 cpm/,ug of oligonucleotide) with [_y-32P]ATP by end labeling with polynucleotide kinase. Prehybridizations and hybridizations were' carried out at 37°C in sealed polyethylene bags. The prehybridization and hybridiza'tion mixtures contained 6x SSCP (lx SSCP contains 0.15 M NaCl, 0.015 M sodium citrate, 10 mM Na2PO49 and 10 mM NaH2PO4) lx Denhardt solution, 0.1% (wt/vol) SDS, and 100 jig of sonicated denatured salmon sperm DNA per ml. Filters were prehybridized for 16 to 18 h and hybridized'for 12 to 16 h with 2 x 105 cpm of labeled oligonucleotide probe per filter. Biotinylated probes were prepared in the following manner. Plasmid DNA was digested to completion, and the desired fragment was isolated by agarose gel electrophoresis. The DNA fragment was purified by electroelution, ethanol precipitated, and labeled with photobiotin (7) . Filters were prepared as described above except that the prehybridization and hybridization mixtures contained 5x SSCP, 5x Denhardt solution, '0.1% (wt/vol) SDS, 10 mM EDTA, and 100 jig of sonicated denatured salmon sperm DNA per ml. Prehybridizations were carried out at 65°C and hybridizations were carried out at 600C with 7.5 ng of biotinylated DNA probe per ml of hybridization solution. Hybridized DNA was detected with streptavidin-alkaline phosphatase conjugate, Nitro Blue Tetrazolium, and 5-bromo-4-chloro-3-indolyl-phosphate (Clontech).
DNA sequencing. DNA fragments were cloned into the M13 vectors mp8, mplO, mpl3, mpl8, and mpl9 (17) and sequenced by the dideoxy chain termination method of Sanger et al. (20) . The M13 sequencing primer and other reagents were purchased from Amershanm. Computer-assisted sequence analysis was accomplished by using the Staden programs (23) (24) (25) .
Construction of the overproducer. A 3.6-kb PstI-AccI fragment from pUC2D3 was isolated, and the ends were repaired with the Klenow fragment of DNA polymerase I. The fragment was methylated with EcoRI methylase, EcoRI linkers were added, and the fragment was digested with an excess of EcoRI. The 3.6-kb fragment was isolated from an agarose gel, purified by electroelution, and ligated with EcoRI-digested, phosphatase-treated pKK223-3 (Pharmacia, Inc.). The ligation mixture was transformed into CaCl2-treated JM105 cells (29) and plated onto LB-agar plates containing ampicillin (50 ,ug/ml). Plasmid' DNA was isolated and analyzed by agarose gel electrophoresis. Plasmid-containing E. coli JM105 cells were grown in 2 x TY (contains 16 g of tryptone, 10 g of yeast extract, and 5 g of NaCl per liter) medium containing ampicillin (50 jig/ml). Cultures of the desired volume were grown to an A595 of 0.6 to 0.7 and induced by the addition of isopropyl-o-D-thiogalactopyranoside to a final concentration of 2 mM. Inductions were performed for the desired times, and the cells were harvested by centrifugation. Clones were screened for the overproduction of cyclohexanone monooxygenase by SDSpolyacrylamide gel electrophoresis (1, 15) .
Synthesis of oligonucleotides. Oligonucleotide synthesis was performed on a Biosearch Model Sam One DNA synthesizer by the phosphotriester method (26) . At the end of solid-phase synthesis, the fully unblocked, resin-bound oligonucleotide was treated with pyridine aldoxime (25°C, 0.5 h) and 28% ammonium hydroxide'to remove the phosphate protection and afford cleavage from the support, respectively. Preparative denaturing polyacrylamide gel electrophoresis followed by elution of the corresponding band in 100 mM tetraethylammonium bicarbonate buffer (37°C, 18 h) yielded pure oligonucleotide, which was desalted by passage through a Sep-pak C18 column.
N-terminal amino acid sequence determination. Cyclohexanone monooxygenase was purified by preparative SDSpolyacrylamide gel electrophoresis. The isolated band was excised and sent to the Harvard University microchemistry facility for protein elution and NH2-terminal sequencing. Protein elution was performed by David Andrews by the method of Hunkapiller et al. (11) . Sequencing was performed by William Lane on a Beckman 890M microsequencer. The phenylthiohydantoin amino acids were analyzed by highpressure liquid chromatography on a Hewlett-Packard 1090 high-pressure liquid chromatograph.
Enzyme assays. Cyclohexanone monooxygenase activity was assayed routinely by monitoring the enzyme-dependent The proteins coded for by the pUC8 clones were analyzed for both cross-reaction with rabbit anti-cyclohexanone monooxygenase antibodies and enzymatic activity. Western blotting was performed to determine the size of the proteins responsible for the cross-reaction with rabbit anti-cyclohexanone monooxygenase antibodies. Protein lysates were separated by SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose filters. Screening of the filters with antiserum revealed an immunoreactive protein band in the lysate of JM83(pUC2D3) which was identical in size to purified cyclohexanone monooxygenase (Fig. 1) .
No detectable activity was present in crude lysates of JM83(pUC2D3). However, assays of the protein mixture after fractionation with 90% ammonium sulfate yielded an activity of 5 x i0-U/mg of protein. This result, in conjunction with the results from Western blotting, suggested that the clone contained a sufficiently large portion of the gene to generate a catalytically active species. The size of the insert was determined to be 5.6 kb by restriction analysis.
Subcloning of the insert of pUC2D3 and analysis of the gene product. The large, 3.6-kb PstI-AccI frag,ment from pUC2D3 was subcloned into pUC13 for ease of manipulation. Subcloning of this fragment placed the start of the gene near the lac promoter and resulted in the production of tnodest quantities of catalytically active enzyme in crude lysates of JM83 cells transformed with the plasmid (pUCCO). Induction of the plasmid with isopropyl-i-D-thiogalactopyranoside produced no increase in activity. To determine if the gene was indeed under the control of the lac promoter or under the control of its natural promoter, we subcloned the PstIAccI fragment into pUC8. Assays of the crude lysate of the resulting construct (pUCOC) transformed into E. coli JM83 revealed no enzyme activity. A control experiment performed with a crude lysate of JM83(pUC8) revealed no enzyme activity. Crude lysates of cells containing the two subclones were separated by SDS-polyacrylamide gel electrophoresis (15), transferred to nitrocellulose filters, and screened with rabbit anti-cyclohexanone'monooxygenase antibody. Staining of a duplicate gel (data not shown) revealed a protein band which comigrated with pure cyclohexanone monooxygenase in the lysate of JM83(pUCCO). A similar stainable band was absent in the lysate of JM83(pUCOC) and the lysate of JM83(pUC8) run as a negative control. Screening of the nitrocellulose filters with rabbit anti-cyclohexanone monooxygenase antibody (data not shown) revealed an immunoreactive band which was identical in size to purified cyclohexanone monooxygenase in the lysate of JM83(pUCCO). This band was absent in the lysates of JM83(pUCOC) and JM83(pUC8).
Identification and sequence determination of the DNA insert. Southern blotting was performed to localize the NH2 terminus of the gene with a degenerate oligonucleotide (20-nucleotide oligomer) made against the NH2 terminus of the enzyme as a probe. The results indicated hybridization of the 20-mer to a 1-kb fragment in clones pUC2D3 and pUC2D4. There was no hybridization to linearized pUC8 or completely digested pUC2D5, which were run as controls. Sanger sequencing (20) of the 1-kb EcoRI fragment confirmed that the fragment coded for the NH2-terminal region of the protein. To locate the NH2 terminus, we scanned individual DNA sequences in all six reading frames for homology to the NH2-terminal amino acid sequence. The DNA sequence corresponding to the determined amino acid sequence was found 38 nucleotides downstream of the PstI site. By analyzing the direction in which the insert was oriented, we were able to conclude that the entire gene lay on the 3.6-kb insert.
DNA sequencing of the pUC2D3 insert was carried out by the dideoxy chain termination method. Figure 2 shows the strategy used to complete the sequence analysis of the gene-coding region. The complete nucleotide sequence of the plus strand of the gene is shown in Fig. 3 agreement with the previously determined value of 59,000 (6) .
The 3.6-kb PstI-AccI fragment was labeled with photoactivatable biotin (7) and hybridized to nitrocellulose filters containing Acinetobacter chromosomal DNA digested with BamHI, EcoRI, HindIII, PstI, and SmaI. The results (Fig. 4 have resulted in insertion of the gene in the wrong orientation. This problem necessitated the use of the following strategy. The PstI-AccI fragment was purified, and the ends were repaired by incubation with the Klenow fragment of DNA polymerase I. Treatment with EcoRI methylase afforded protection of the single EcoRI site in the fragment. EcoRI linkers were attached, and the insert was digested with an excess of EcoRI. The gel-purified fragment was then inserted into the EcoRI site of pKK223-3, and the plasmid was transformed into JM105. Enzyme assays of the crude lysates revealed significant levels of activity, whereas crude lysates of JM105 containing pKK223-3 with the insert in the opposite orientation contained no active enzyme.
An induction time course study of the overproducing strain revealed that the specific activity reached a maximum after only 2 h of induction and dropped steadily thereafter. Total activity reached a maximum after 4 h of induction and also dropped steadily thereafter. Figure 5 is a Coomassie blue-stained SDS-polyacrylamide gel of crude lysates obtained after different periods of induction. There was no enzyme present in a sample of the strain grown for 6 h without induction (lane 9), whereas there was a protein which comigrated with pure enzyme in all the other lanes. This result indicated that gene expression was under the control of the tac promoter. There was a steady decrease in the intensity of the stained protein band corresponding to the enzyme as the length of induction was increased from 1 to 10 h. The Western blot (Fig. 6 ) revealed a similar loss of a species which cross-reacted with anti-cyclohexanone monooxygenase antibody. These data suggested that the enzyme was being expressed efficiently but was also being degraded rapidly by the host cell.
The enzyme has been purified to homogeneity from the overproducing strain by our standard purification scheme (16; Latham, Ph.D. thesis). The yield of purified enzyme after 2.5 h of induction was 8.7 mg/liter of cells. This represents approximately 4% of the total cell protein, a value comparable to the amount of pure enzyme available from Acinetobacter sp. strain NCIB 9871. Although this is not a high level of overproduction, the system does permit the isolation of large quantities of genetically modified enzyme.
DISCUSSION
Cyclohexanone monooxygenase is the best characterized of the class of flavoenzymes which catalyze a formal BaeyerVilliger reaction (4, 6, 19; C. Walsh and Y.-C. J. Chen, Angew. Chem. Int. Ed. Engl., in press). Studies from this laboratory have shown the enzyme to be capable of oxygenating a wide variety of substrates ranging from cyclic ketones to sulfides, selenides, and boronic acids (4). This ambident oxygen delivery ability suggests the intermediacy of FAD-4a-OOH in the oxygenation reaction.
We used immunological screening methods to identify a clone which expresses the cyclohexanone monooxygenase gene in E. coli. The gene-coding region of the clone was identified and subcloned into pUC13. The resulting clone, pUCCO, encodes a 542-amino-acid protein which possesses cyclohexanone monooxygenase enzyme activity and comigrates with the native enzyme in Western blots. The complete nucleotide sequence of the cyclohexanone monooxygenase gene-coding region of the clone was determined. From the nucleotide sequence, we predicted the protein sequence and confirmed it by comparison with known protein data (Table 1) (6) .
As this is one of the first Acinetobacter sp. nucleotide sequences reported, some features of the DNA sequence )'''A 0
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A ZA r-I < -I-I r"n r"- ADP-binding properties. This fingerprint region consists of 11 amino acids which occur at conserved positions in a 29-to 31-amino-acid stretch. We have identified a potential ADPbinding site in a 32-amino-acid section extending from residue 176 to residue 208 (Fig. 7) . This region contains 10 of the 11 conserved amino acids and as such may be involved in binding of the nicotinamide cofactor.
The FAD-binding site is also considered to be a Pap-unit characterized by a stretch of two glycine residues following a run of three glycines (18, 27, 28) . In most flavoenzymes, this domain is known to begin near the NH2 terminus. For example, the flavin-binding domains of bacterial p-hydroxybenzoate hydroxylase and human glutathione reductase, two flavoenzymes for which solved X-ray crystal structures exist, begin at residues 4 and 23, respectively. We have located the flavin-binding domain in cyclohexanone monooxygenase (Fig. 8) . Beginning at residue 6 (F) and extending to residue 18 (L), this region bears strikingly exact homology to the reported FAD-binding sites of glutathione reductases from both human and bacterial sources (8, 14) . This was not expected considering the different chemistry performed by the two enzymes; the sequence of the FAD-binding site of cyclohexanone monooxygenase might be predicted to resemble that of p-hydroxybenzoate hydroxylase. However, given the high degree of sequence homology, it would be expected that the FAD-binding site of cyclohexanone monooxygenase folds into the same three-dimensional conformation as the FAD-binding site of glutathione reductase. These are the first reported DNA and protein sequences of a monooxygenase which catalyzes a formal Baeyer-Villiger reaction. The information presented here will be useful for future comparative studies with other enzymes of this class.
We have also developed an overproduction system, based on the tac promoter (1), for expression of the active enzyme in E. coli. Although the amount of pure enzyme obtainable from the strain is comparable to that available from Acinetobacter sp. strain NCIB 9871 (4% of the total cell protein), the utility of the system lies in the fact that there exists a means for performing genetic manipulations on the plasmid (pKKCO) to create mutant forms of the enzyme. Given the observed local sequence homology between this enzyme and other flavin-and nicotinamide-utilizing enzymes, the generation of mutants for studying sequence-structure relationships by both kinetic and X-ray crystallographic methods will provide important insights.
It has recently been demonstrated that the enzyme is inactivated upon incubation with thiolactones (16; Latham, Ph.D. thesis; Walsh and Chen, in press). This phenomenon is fully dependent upon 02 and NADPH consumption and results in the incorporation of one mol of radiolabeled inactivator per mol of enzyme. Characterization of the resultant complex indicated the loss of two sulfhydryl groups in the enzyme upon inactivation, a result which indicates a protein cross-linking event, presumably between two cysteine residues. Further attempts to better characterize the inactivation process and the inactive enzyme have been hampered by a dearth of knowledge concerning the structure of the protein. With the protein sequence in hand, we can now begin studies to elucidate the mechanism of inactivation and details of the structure of the inactivated enzyme.
